ABSTRACT. Skull size and shape were examined among 14 species of the tree shrews (Tupaia montana, T. picta, T. splendidula, T. mulleri, T. longipes, T. glis, T. javanica, T. minor, T. gracilis, T. dorsalis, T. tana, Dendrogale melanura, D. murina, and Ptilocercus lowii). The bones of face were rostro-caudally longer in T. tana and T. dorsalis, contrasting with T. minor and T. gracilis, D. melanura, D. murina and P. lowii which have smaller facial length ratios. The arbo-terrestrial species (T. longipes and T. glis) were similar to terrestrial species in length ratios of bones of face unlike the other arbo-terrestrial species (T. montana, T. picta, T. splendidula, and T. mulleri). We propose that T. longipes and T. glis have adapted to foraging for termites and ants as have T. tana and T. dorsalis. Additionally small body size in T. javanica may be the result of being isolated in Java. We separated the species into 5 groups from the measurment values of skulls: 1) Terrestrial species; T. tana and T. dorsalis, 2) Arboreal species; T. minor and T. gracilis, 3) Arbo-terrestrial species group 1: T. montana, T. splendidula, T. picta and T. mulleri, and T. javanica, 4) Arbo-terrestrial species group 2: T. glis and T. longipes, 5) Arboreal species of Dendrogale and Ptilocercus. Principal component analysis separated species into 8 clusters as follows: 1) T. tana, 2) T. dorsalis, 3) T. montana, T. splendidula, T. picta and T. mulleri, 4) T. glis and T. longipes, 5) T. javanica, 6) T. minor and T. gracilis, 7) D. melanura and D. murina, and 8) P. lowii. We suggest that these clusters correspond to behavioral strategies and peculiarities observed in foraging, feeding and locomotion in each species.
Tree shrews (Order Scandentia) consist of about 18 species [1, 2, 6, 13, 22] . Since this order shows us the evolutionary process of arboreal adaptation in terrestrial animals, the morphological variation in locomotor and feeding mechanisms is noticeable among species [1, 22] . The behavior of various species has been also detailed in field works [7] . Previously we functional-morphologically examined 4 species of Tupaia, and suggested that T. tana, T. javanica and T. minor have evolved different behaviors [10] . Here we extend this study to include most members of Scandentia and to quantitatively examine morphological adaptations for various behaviors (i.e. locomotion, foraging, feeding and nesting). In this study, we use 14 species of tree shrews including Dendrogale and Ptilocercus to compare interspecies variations, and to clarify the adaptation strategy in skull morphology.
MATERIALS AND METHODS
We examined 337 skulls of 14 species of tree shrews (Tupaia montana, T 
. picta, T. splendidula, T. mulleri, T. longipes, T. glis, T. javanica, T. minor, T. gracilis, T. dorsalis, T. tana, Dedrogale melamura, D. murina, and Ptilocercus lowii).
The specimens have been stored in Muséum National d'Histoire Naturelle (Paris, France), in the Smithsonian Institution, in The University Museum, Kyoto University, in the Raffles Museum of Biodiversity Research, National University of Singapore, in the Department of Wildlife and National Parks (Kuala Lumpur, Malaysia), and in Bogor Zoological Museum (Bogor, Indonesia). Sex determination was dependent on the description of biological data of specimens. Only specimens with fully erupted molars were considered to be adults. Species composition, origin, and sex are shown in Table 1 . Skull measurements were obtained with vernier calipers to the nearest 0.05 mm. Measurements are defined in Table 2 , and were based on Driesch [5] . All measurements were then divided by the geometric mean of PL in each species to remove the effects of size. In these measurement ratios statistical differences among species were examined in the non-parametric U-test by the use of the software of Statistica (StatSoft, Inc., Tokyo, Japan). The t-test was not used, since the normal distribution is not guaranteed with measurement ratios. Principal component analysis was used with all measurement data to examine variation among taxa. A package software for multivariate analysis (Shakai-Joho Service, Tokyo, Japan) added to Microsoft Excel 98 was used for this analysis.
RESULTS
The species were grouped into 5 morphological types according to the data of the osteometrical ratio data in each species (Tables 3-5) . In this grouping, the pattern of behav-ior and locomotion such as terrestrial, arbo-terrestrial and arboreal in each species was based upon the descriptions and the original data of field works (Table 1) [1, 2, 6, 7, 13, 22] . We also distinguished the two groups of arbo-terrestrial species from the morphological similarities.
Terrestrial species, T. tana and T. dorsalis: The facial part was rostro-caudally elongated in the skull. The ratios SL/PL, MPL/PL, DL/PL and LIA/PL were larger than those of the other species (Tables 3-5 ). The ratios SL/PL and MPL/PL were especially large in both sexes of the two species. The elongation of the bones of face resulted in small ratios of skull width in terrestrially-adapted species, and the ratios ZW/PL, LBO/PL, GNB/PL and GMB/PL were much smaller (Tables 3-5) .
Arboreal species, T. minor and T. gracilis: The bones of face were obviously short, and the ratio SL/PL was statistically different from that of terrestrial species and arbo-terrestrial species (Tables 3-5 ). The skull was laterally wider in the two species, and the ratios GNB/PL and GMB/PL were much larger than those in the species of other locomotion.
Arbo-terrestrial species group 1, T. montana, T. picta, T. splendidula, T. mulleri and T. javanica:
The strong elongation was not confirmed in these species unlike T. tana and T. dorsalis, although the bones of face was relatively longer than that of arboreal species.
Arbo-terrestrial species group 2, T. longipes and T. glis: The ratios SL/PL, MPL/PL, DL/PL and LIA/PL were large (Tables 3-5 ). The bones of face in the two species were rostro-caudally longer than the arbo-terrestrial group 1 in many cases. Especially the ratios DL/PL and LIA/PL of T. longipes and T. glis were not different from those of terrestrial T. tana and T. dorsalis (Tables 3-5) .
Arboreal species of Dendrogale and Ptilocercus: The bones of face were not elongated in these species, and length ratio is extremely small in P. lowii. In contrast the width ratios ZW/PL and GMB/PL were large in Ptilocercus.
First and second principal components represent size and proportion factor, respectively. We could point out that these components segregated specimens into 8 clusters of species that were similar for both sexes (Fig. 1 
DISCUSSION
The skull is morphologically divided into two major functional units, bones of cranium and bones of face, to clarify adaptational strategy in each species and behavior pattern. Measurement ratios of the bones of face are noteworthy (Tables 3 and 4) . SL/PL, MPL/PL, DL/PL and LIA/PL represent rostro-caudal length ratio in the bones of face. These ratios are relatively large in both T. tana and T. dorsalis. Although the behavioral data have not been reported in T. dorsalis, we suggest that this species may show a terrestrial form similar to T. tana [10] . The characters of bones of face in these two species are related to digging activity and feeding on ants and invertebrates in soil [7] .
In contrast, these ratios are smaller in the arboreal T. minor and T. gracilis. In SL/PL, statistical differences are found between species adapted for different locomotion, foraging, feeding and nesting behaviors (Tables 1 and 5 ). Unlike the rostro-caudal elongation in terrestrial species, specialization in length of bones of face is not shown in (Table 4 ). In the statistical analysis T. glis hardly indicates statistical differences from T. longipes in these two ratios (Table 5 ). However, DL/PL and LIA/PL of T. longipes and T. glis are as large as those of T. tana and T. dorsalis (Tables  4 and 5 ). Although T. longipes and T. glis are arbo-terrestrial species, the data indicate dental row extension in the two species as extensive as in completely terrestrial species. Since T. longipes and T. glis are dependent on termites and ants in soil [7] , we suggest that the similarities in the length ratios of bones of face between tana-dorsalis and longipesglis are consistent with the searching and foraging behavior on the ground in both groups. In fact, T. longipes also lives on trees more than 1.6 m in height, although the species has been observed on ground and in low branches [7] . We should examine whether the grouping of the two species as arbo-terrestrial animal is valid in further field observations. Width ratio, ZW/PL, LBO/PL, GNB/PL and GMB/PL, are much smaller in the terrestrial T. tana and T. dorsalis (Table 4 ). In contrast, GNB/PL and GMB/PL are much larger in the arboreal T. minor and T. gracilis except for the female of GMB/PL. In these three ratios, differences are not statistically significant between T. minor and T. gracilis. These two species are significantly different from all other species by the U-test except for the female GMB/PL related to T. longipes (Table 5) .
We first attributed the small value of LBO to the establishment of binocular vision in the arboreal life. The LBO/ LBS (least breadth between orbits per length of bones of cranium) was also calculated in each species to remove the effect of facial elongation in terrestrial species. T. tana is not significantly larger in LBO/LBS ratio, but smaller than the arboreal and arbo-terrestrial species (Tables 4 and 5 ). We could conclude that the development of the binocular vision was not confirmed in arboreal species within the Scandentia from the data of relative size of LBO, although P. lowii exhibits the smallest LBO/PL and LBO/LBS.
For many skull ratios, significant differences do not exist between T. longipes and T. glis, between T. minor and T. gracilis, and between T. tana and T. dorsalis (Table 5) . We suggest that the morphological similarities in these pairs are consistent with behavioral partitioning, because T. minor and T. gracilis are typically arboreal and T. tana and T. dorsalis may be completely terrestrial [1, 2, 6, 7, 13, 22] . In T. dorsalis significant distinctions are not found in comparison with other species in some ratios. This may be due to small sample size for this species.
Dendrogale and Ptilocercus are arboreal [1, 7, 8, 14, 22] , and length ratios of bones of face are smaller in these species. Each length ratio is extremely small in P. lowii in both sexes. ZW/PL and GMB/PL show the largest values in Ptilocercus, indicating the development of wide zygomatic arch and jaw articulation in this species. LBO/PL is small- est in P. lowii in contrast to Dendrogale. Although the 2 genera have been suggested to occupy similar ecological positions [1, 7] , morphological adaptations in the skull are obviously different between the 2 genera. Some reports have actually suggested that Dendrogale murina are more terrestrial than Ptilocercus lowii in behavioral tendency [1, 14] .
Recognition of 8 clusters (Fig. 1) is advocated from the principal component analysis, and does not contradict the 5 groups separated by the osteometrical description. Clusters 3 and 4 consist of 6 medium-sized species. Some authors considered T. longipes as a subspecies of T. glis, and T. mulleri as a subspecies of T. splendidula [4, 19] . These 2 groups include both arbo-terrestrial and functionally non- specialized species. We suggest that adaptation for feeding on termites, ants and invertebrates on the ground may distinguish T. glis and T. longipes from the Cluster 3 (Tables 3-5 ) [7] . It also has been suggested that T. javanica occupies the same niche as the species of Cluster 3. T. javanica is smaller in PL and body size, and it is separated from the other arbo-terrestrial species in our plots (Fig. 1) . This may be due to the dwarfism caused by isolation in Java Island. Cluster 6 consists of T. gracilis and T. minor, species living mainly on trees. Clusters 7 and 8 including Dendrogale and Ptilocercus also represent arboreal species. The separation among species is dependent on the differences in the second principal component. We suggest that all arboreal species in Scandentia, including T. minor and T. gracilis, may require a small body size in which the PL is about 35 mm.
As for the zoogeography from the Malayan Peninsula to Sumatra, Java, Borneo and some small islands in this region (Table 1) , T. minor and P. lowii are widely-distributed as arboreal species, although the latter is not present in Java Island. T. glis is one of the common small mammalian species with arbo-terrestrial life in this region [1-3, 7, 18, 20, 21, 25] . These species represent the fauna of tree shrews in Malayan Peninsula and Sumatra Island. T. glis and T. longipes also occupy this region including Borneo Island as arbo-terrestrial species. Java Island is exceptionally poor in tree shrew diversity, and it has only two arbo-terrestrial species, T. glis and T. javanica.
Borneo Island, especially the northern district in the island, is of paramount importance for the tree shrew fauna [15] [16] [17] . The complete terrestrial species T. tana and T. dorsalis are distributed in this Island [20, 25] . In addition, the arbo-terrestrial species such as T. montana and T. picta have been recorded in the northern district, whereas T. splendidula and T. mulleri in the southern part of this Island. Furthermore T. gracilis, D. melanura and P. lowii share the Percentages of the variation explained by each factor (*).
arboreal fauna of the tree shrews with T. minor in the northern district [7, 21] . D. murina has not been recorded in the region from the Malayan Peninsula to Borneo Island but recorded in the southeastern regions of the Indochinese Peninsula. However, we used D. murina in the statistical analysis to clarify the adaptation strategies of Scandentia. The common species in the northern region of the Isthmus of Kra consists of T. belangeri. This species is distinguishable from T. glis in the southern districts by external skin color, principal component plots, and karyological type [9, 11, 12, 18, 23, 24] , although we think that the similar behavioral adaptation has been established in both T. belangeri and T. glis.
Since the sample size was small in T. picta, T. splendidula, T. mulleri and T. dorsalis, we should measure more specimens in the future.
